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Abstract. We present the results of our investigation on the phenomenon of mass segregation in young star
clusters in the Magellanic Clouds. HST/WFPC2 observations on NGC 1818, NGC 2004 & NGC 2100 in the
Large Magellanic Cloud and NGC 330 in the Small Magellanic Cloud have been used for the application of
diagnostic tools for mass segregation: i) the radial density profiles of the clusters for various mass groups and ii)
their mass functions (MFs) at various radii around their centres. All four clusters are found to be mass segregated,
but each one in a different manner. Specifically not all the clusters in the sample show the same dependence of
their density profiles on the selected magnitude range, with NGC 1818 giving evidence of a strong relation and
NGC 330 showing only a hint of the phenomenon. NGC 2004 did not show any significant signature of mass
segregation in its density profiles either. The MFs radial dependence provides clear proof of the phenomenon
for NGC 1818, NGC 2100 and NGC 2004, while for NGC 330 it gives only indications. An investigation of the
constraints introduced by the application of both diagnostic tools is presented. We also discuss the problems
related to the construction of a reliable MF for a cluster and their impact on the investigation of the phenomenon
of mass segregation. We find that the MFs of these clusters as they were constructed with two methods are
comparable to Salpeter’s IMF. A discussion is given on the dynamical status of the clusters and a test is applied
on the equipartition among several mass groups in them. Both showed that the observed mass segregation in the
clusters is of primordial nature.
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1. Introduction
Mass segregation nowadays is a well known phenomenon,
which manifests itself as a strong concentration of the
heaviest stars towards the centre of the cluster. This phe-
nomenon has been extensively observed during the last
decade in a plethora of young open clusters (Jones &
Stauffer 1991; Pandey et al. 1992; Shu et al. 1997; Raboud
& Mermilliod 1998; Hillenbrand & Hartmann 1998), as
well as old globular clusters in the Galaxy (Cote et al.
1991; Pandey et al. 1992; Paresce et al. 1995; King et al.
1995; de Marchi & Paresce 1996; Ferraro et al. 1997; Sosin
1997; Andreuzzi et al. 2000; Howell et al. 2000). Young star
clusters in the Magellanic Clouds (MCs) have also recently
been investigated for mass segregation (Malumuth & Heap
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1994; Brandl et al. 1996; Fischer et al. 1998; Kontizas et
al. 1998; Santiago et al. 2001; de Grijs et al. 2002a,b,c;
Sirianni et al. 2002). Last, but not least noticeable, is the
work by Stolte et al. (2002), who found mass segregation
in the Arches cluster, a young, massive star cluster and
one of the densest in the Milky Way.
Galactic globulars show mass segregation due to their
dynamical evolution, through which equipartition of ki-
netic energy among different mass groups in the cluster
can be achieved. According to Spitzer (1969) this leads
to stars of different masses being found in different “lay-
ers” with the heavier stars gravitating toward the cen-
tre, and thus mass stratification occurs. This phenomenon
is mostly known as Dynamical Mass Segregation (for re-
views see Lightman & Shapiro 1978; Meylan & Heggie
1997). Earlier studies (King 1966; Da Costa 1982; Bolte
& Marleau 1989) showed that low-mass stars predomi-
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Fig. 1. HST/WFPC2 FOV on NGC 2100. Coordinates are given in arcmin with (0,0) at the centre of the PC frame.
The annuli used for star counts have been overplotted (see Sect. 3).
nate the galactic globulars. This implies a time-scale for
energy equipartition of the order of the relaxation time of
the clusters (the time the system needs to reach a quasi-
Maxwellian equilibrium in its interior). For typical globu-
lar clusters the relaxation time (at the half-mass radius) is
significantly shorter than the cluster age. In consequence,
since the cluster had the time to relax, it exhibits dynam-
ical mass segregation.
The discovery of mass segregation in young clusters
(see review by Clarke et al. 2000) in the MCs intro-
duced new problems concerning its interpretation, since
it can be either the signature of the initial conditions
and loci, where massive stars are formed (e.g. Hillenbrand
& Hartmann 1998; Bonnell & Davies 1998), or it can
be the result – at least partially – of early dynamics
(e.g. Malumuth & Heap 1994; Brandl et al. 1996). This
phenomenon is usually referred to as Primordial Mass
Segregation. Observations and theoretical predictions on
the formation of massive stars emphasise the role of early
dynamics. An example has been given by Fischer et al.
(1998), who suggest that the steepening of the mass func-
tion they observed at larger radii from the centre of NGC
2157 is most likely an initial condition of the cluster for-
mation, since interactions among the protostellar cloudlets
play a crucial role in the massive-star-forming process.
In addition, according to the cluster formation model
proposed by Murray & Lin (1996) cloudlets fall toward
the central region of the protocluster cloud, and cohesive
collisions cause their masses to grow. More massive stars
are subject to many dissipative mergers (Larson 1991)
and so they are preferably formed in the cluster centre
(Bonnell & Davies 1998), leading to an initial mass segre-
gation. Models suggesting enhanced accretion rates, which
grow with the mass of the accreting protostar (Behrend
& Maeder 2001), or high collision probabilities in dense
cluster centres (Bonnell et al. 1998) predict the forma-
tion of stars up to 100 M⊙ in the densest central regions
of a rich star cluster. Furthermore the total mass and
the maximum stellar mass of a cluster strongly depends
on the star formation rate and local density (Elmegreen
2001), which is enhanced by gravitational collapse or cloud
collisions in high-density environments (Elmegreen 1999,
2001). In conclusion, protoclusters with high central den-
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Table 1. Ages, metallicities and structural parameters for the sample of our clusters, as found in the literature. The
structural parameters (last four columns) have been estimated by Mackey & Gilmore (2003a,b). The core radii of the
clusters are given in col. 6, while Lm and Mm are the integrated luminosity and mass to the distance from the centre
of each cluster where a maximum measured extent of its profile is reached (≃ 1.′3 for all clusters). The central densities
of the clusters as estimated by Mackey & Gilmore are given in the last column.
Cluster log τ Age Metallicity Met. rc logLm logMm log ρ0
Name (yr) ref. [Fe/H] ref. (arcmin) (L⊙) (M⊙) (M⊙ pc
−3)
NGC 330 7.50+0.10−0.50 1,2,3 −0.82± 0.11 4 0.15 ± 0.01 5.46
+0.12
−0.13 4.41
+0.12
−0.13 1.84
+0.07
−0.07
NGC 2004 7.20+0.30−0.10 1,5 −0.56± 0.20 6 0.11 ± 0.01 5.37
+0.16
−0.17 4.27
+0.16
−0.17 2.32
+0.10
−0.09
NGC 1818 7.40+0.30−0.10 1,7 0.00 to −0.40 7,8 0.17 ± 0.01 5.11
+0.10
−0.10 4.01
+0.10
−0.10 1.55
+0.06
−0.06
NGC 2100 7.20+0.20−0.20 1,5 −0.32± 0.20 6 0.08 ± 0.01 5.46
+0.22
−0.23 4.31
+0.22
−0.23 2.64
+0.13
−0.12
References: (1) Keller et al. (2000); (2) Chiosi et al. (1995); (3) Da Costa & Hatzidimitriou (1998); (4) Hill (1999); (5) Elson
(1991); (6) Jasniewicz & The´venin (1994); (7) de Grijs et al. (2002b); (8) Johnson et al. (2001)
sity are more prone to exhibit primordial mass segrega-
tion.
We investigate the phenomenon of mass segregation in
four young star clusters in the Magellanic Clouds: NGC
1818, NGC 2004 and NGC 2100 in the Large Magellanic
Cloud (LMC) and NGC 330 in the Small Magellanic Cloud
(SMC) with the use of HST/WFPC2 observations (Keller
et al. 2000). These clusters, which are among the younger
in the MCs with ages between 10 and 50 Myr, cover a
range of metallicities (see Table 1). This study is based
on a consistent set of HST observations, which allowed us
to search for mass segregation in a uniform manner and
to investigate the differences among the clusters concern-
ing the phenomenon. No such investigation seems to be
available in the literature except for the case presented
by de Grijs et al. (2002a,b,c). In the sample of their clus-
ters these authors include NGC 1818, while Sirianni et
al. (2002) recently presented their result on the low-mass
IMF and mass segregation in NGC 330. The results of
both these studies are based on different data sets than
our HST observations on these clusters. Under these cir-
cumstances it would be interesting to compare our results,
which have been preliminarily presented by Keller et al.
(2001) with theirs.
This article is laid out as follows. In Sect. 3 we use our
observations to examine the radial density profiles of the
clusters and their dependence on the selected magnitude
range, as an indication of stellar stratification. Our data
were also used in Sect. 4 to derive the mass functions of the
clusters and examine their radial dependence, which is a
widely used method for the detection of mass segregation.
The results of both investigations are given in Sect. 5 and a
discussion on the nature of the observed mass segregation
concerning its dynamical origin is presented in Sect. 6.
Finally, Sect. 7 highlights our conclusions.
2. Observations and Data Reduction
The observations of the clusters have been discussed in
Keller et al. (2000), where more details on the photomet-
ric reductions are also given, together with the magni-
tudes and errors for each frame and filter. The raw frames
Fig. 2. Completeness of the WFPC2/F555W photometry
for various radial distances for the observed star clusters.
were bias-subtracted and flat-fielded in the usual way us-
ing the standard WFPC2 pipeline. For the present study
we consider the star counts and luminosity functions de-
rived from the F555W (≡ V ). In Sect. 4.2 we also use the
F160BW (≡ far-UV ) to examine the population on the
upper main sequence. An example of the HST/WFPC2
field of view (FOV) of these observations is given in Fig.
1 for NGC 2100.
2.1. Completeness Corrections
We establish a quantitative estimation of the degree of
completeness through extensive artificial star tests. A set
of 100 artificial stars was generated within each of the
four frames of the WFPC2 images for every cluster with
a range of magnitudes. In addition, the distribution of
objects on the original frame was used to determine the
placement of artificial stars within the frame. This was
repeated 10 times. A reduction procedure was performed
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Fig. 3. Radial distribution of stellar density, f , of all four
clusters for stars in two magnitude groups.
on the enriched frames identical to that performed on the
original frames. An artificial star was considered as “re-
covered” if the recovered image centroid agrees with the
actual position to within 1 pixel and if the recovered mag-
nitude is within 0.2 mag of the actual magnitude. The
completeness factor is the ratio between the number of
artificial stars recovered to the number of stars originally
simulated.
Using the above procedure, we have measured the com-
pleteness within our F555W frames for various radial dis-
tances from the centre of each cluster. Completeness fac-
tors are shown in Fig. 2, in which one can see that com-
pleteness is a moderate function of radius but mostly a
function of magnitude. This is probably because the clus-
ter cores are not excessively crowded at the scale of the
WFPC2. We use these factors for the completeness cor-
rections applied to the observational luminosity and mass
functions and star counts. It should be noted that only
data for which the completeness is better than 70% were
actually used in the analysis that follows.
3. Surface Density Profiles of the Clusters
To investigate the variation in the radial density profiles
of the clusters for stars of different magnitudes we have
performed star counts at selected radial distances and sev-
eral magnitude slices for each cluster. The surface stellar
density f is derived as the number of stars per unit area
corrected for i) incompleteness as defined in the previous
section, and ii) for the field contribution, as shown in the
following section.
3.1. Field Star Contamination
Our observations did not include offset field frames from
the purpose of field star subtraction. Thus, in order to esti-
mate the contribution of field stellar density (background
density) to the profiles of the clusters we plotted the num-
ber of counted stars per unit area (in arcmin2), f = N/A,
corrected for incompleteness at selected radial rings. As is
expected, the surface stellar density, f , drops as a func-
tion of distance, R, from the centre of the cluster. This is
shown in Fig. 3 of the profiles of all four clusters for stars
in two selected magnitude ranges. The density numbers
are normalised to the same surface area.
In Fig. 3 it is shown that for all the clusters beyond a
radius R >∼ 1.
′5, the number of stars per unit area drops to
a uniform level, which might be considered as a good ap-
proximation of the background density. Considering that
the WFPC2 FOV on our clusters is not wide enough to
check if the density profiles are still flat further away than
1.′5, one should expect the value of the background den-
sity to be overestimated. We checked the validity of our
determination for the field contribution on NGC 1818, for
which offset field data exist (Santiago et al. 2001), which
we reduced in the same manner. In each magnitude range
considered in Fig. 3 we found, within the uncertainties, the
same number of field stars with the one found for radial
distance R > 1.′5 in our frames. Furthermore, Vallenari
et al. (1994) found that the radius of NGC 330 is about
95′′and Sirianni et al. (2002) assumed that the measured
stars in the most external region of their WFPC2 FOV be-
yond this distance from the centre of the cluster represent
an estimate of the background field. This radial distance
of ∼ 1.′58 is in good agreement with our selected limit of
the cluster.
It should be noted that the background density, shown
in Fig. 3 for distances larger than R ≃ 1.′5 from the centre
of each cluster, does not seem to differ significantly from
one cluster to the other, being very small and representing
for both selected magnitude ranges about 1 to 2% of the
total population. Mackey & Gilmore (2003a,b) report that
their detailed surface profiles of these clusters derived from
HST observations, seem to have a maximum extent of 72′′
for NGC 330 and 76′′ for the other three LMC clusters.
The two measurements are very close to each other and
well below our selected radial limit of 1.′5. All the above
gives confidence that we have not significantly overesti-
mated the field population with this technique. Having so
defined the contribution of the background (b) we subtract
it from the completeness corrected star counts per unit
area (N/A) to estimate the corresponding surface stellar
density defined now as f = N/A − b. All numbers are
normalised to the same surface area.
3.2. Density profiles
The surface density profiles were derived by counting stars
in 8 different magnitude bins (from V around 14 to 21
mag) from the F555W observations. The counts were per-
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Fig. 4. Surface density profiles of NGC 330 and NGC 2004 for stars in various magnitude ranges.
formed in 9 radial annuli around the centres of the clus-
ters, spanning 0.′2 each. The plots of log (f) versus log (R)
for the selected magnitude bins, which almost cover the
observed magnitude range (down to the detection limit),
are shown in Fig. 4. Taking into account that the den-
sity profiles can be approximated by log (f) ∝ γ × log (R)
(Elson et al. 1987), the slope γ is a very good indication
of the existence of mass stratification at the magnitude
where this slope changes significantly (e.g. Subramaniam
et al. 1993). In order to investigate such a relation we esti-
mated the slope γ of the density profile in each magnitude
range by using the data of the rings in which stars were
counted except the two outer rings of distances around 1.′5
and 1.′7 from the cluster’s centre each. This was done due
to low number statistics at these distances, since the field
contribution at these distances is severe.
The correlation of the estimated density profile slopes
γ with the corresponding magnitude bin is shown in Fig.
5. The two or three first points of these diagrams, which
cover a magnitude range of V ≈ 14 - 16 mag can be ques-
tioned, because of their large errors. For the points cor-
responding to fainter magnitudes one may see that there
are cases where γ actually depends on the magnitude bin.
Such is the case of NGC 1818, which implies that mass
stratification is actually taking place in the cluster. The
relations γ versus magnitude shown in Fig. 5 were linearly
fitted using the least squares solution for every cluster and
the corresponding Spearman correlation coefficients were
estimated. This was done using the points in almost all
the magnitude ranges (from V = 15 - 21 mag down to
V = 18 - 21 mag) in order to specify the magnitude range
where any significant correlation can be found. The re-
sults of these statistical tests are presented in Table 2,
where we give the estimated slope of the linear fits and
the corresponding probability that the data are indeed
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Fig. 4. (Continued). Surface density profiles of NGC 1818 and NGC 2100 for stars in various magnitude ranges.
correlated, as was estimated from Spearman’s method for
all the magnitude ranges used.
From the values of Table 2 it is clear that indeed there
is a strong correlation of γ with magnitude for almost all
the magnitude ranges in NGC 1818 (with a slope ∼ 0.1).
For NGC 330 and NGC 2100 this correlation becomes sig-
nificant for V ≥ 18 mag (with slopes 0.08 and 0.07 respec-
tively). In the case of NGC 2100 a significant correlation
(with 90% probability) can be considered also for the mag-
nitude range V ≃ 17 - 21 mag. Finally for NGC 2004 it
is found that there is a weak dependency between γ and
magnitude limit, since the most important slope found
(for V >∼ 18 mag with 80% correlation probability) is very
shallow. In consequence, NGC 1818 is expected to exhibit
the phenomenon strongly, while NGC 330 and NGC 2100
can be seriously considered as candidates for mass segre-
gation. NGC 2004 according to its surface density profiles
cannot be considered as an important candidate.
Table 2. Linear fit slopes and corresponding correlation
probabilities (P) of γ versus magnitude for various selected
magnitude ranges, as shown in Fig. 5, for every cluster in
our sample.
mag linear fit P linear fit P
range slope (%) slope (%)
NGC 330 NGC 2004
15 - 21 −0.021 ± 0.025 32 −0.036 ± 0.014 68
16 - 21 −0.027 ± 0.036 43 −0.019 ± 0.015 49
17 - 21 0.016 ± 0.018 0 −0.003 ± 0.017 10
18 - 21 0.080 ± 0.020 100 0.025 ± 0.012 80
NGC 1818 NGC 2100
15 - 21 0.085 ± 0.009 96 −0.038 ± 0.033 32
16 - 21 0.097 ± 0.008 100 0.007 ± 0.028 9
17 - 21 0.088 ± 0.010 100 0.053 ± 0.014 90
18 - 21 0.094 ± 0.015 100 0.071 ± 0.017 100
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Fig. 5. Relation of the slope γ of the density profiles to the corresponding magnitude range for the clusters of our
sample.
Subramaniam et al. (1993) investigated the magnitude
dependence of the slope of the density profiles in the halo
regions of five young LMC clusters, NGC 2004 and NGC
2100 being among them. These authors did not find any
significant correlation of that kind for these two clusters in
their CCD photometry from the 1.54m Danish telescope
at ESO. It is worth noting that with our higher resolution
observations we were able to detect only a weak correla-
tion of γ and magnitude range for these clusters, as an
indication that they are probably segregated.
In conclusion, the surface density profiles and their de-
pendency on the magnitude bins of counted stars provides
the first evidence of mass segregation in clusters, giving an
estimation of the magnitude (mass) limits for the segre-
gated stars. NGC 330 and NGC 2004 were found to have
segregated stars for V ≃ 18 mag. The limit for NGC 2100
is ∼ 17 mag, while for NGC 1818 is 15 - 16 mag. From the
results presented above it seems that the clusters exhibit
a different degree of mass segregation as far as the depen-
dence of the density profiles on the selected magnitude
ranges is concerned.
In any case this diagnostic tool cannot be considered
of high accuracy, due to the large uncertainties in the es-
timated slopes of the density profiles of the clusters and
it is not usually applied in the recent works on mass seg-
regation. We present it here to show that the problem of
low accuracy, which was known for ground-based CCD ob-
servations (e.g. Kontizas et al. 1998), is also apparent in
the case of HST data. On the other hand, a more accu-
rate diagnostic tool for the detection of mass segregation
is the analysis of the luminosity and mass function (MF)
of the cluster, and it is widely used. Practically it is the
only tool available which makes use of photometric obser-
vations. We present, thus, our results on its application to
our clusters in the following section.
4. Luminosity Functions and Mass Functions of
the Clusters
According to this diagnostic, if there is a higher concentra-
tion of massive stars toward the centre of the cluster, then
mass segregation should be exhibited from a radial varia-
tion of its MF slope: The radial MFs of the cluster should
become steeper outwards, where less high-mass stars are
expected to exist. In consequence, at a certain distance
the change of the slope of its mass (or luminosity) func-
tion becomes evident if mass segregation occurs. Before
we proceed to the construction of the MFs of the clusters
we use their LFs and we present a preliminary investiga-
tion on their radial dependence (if any) at selected radial
distances from the centre of the clusters.
4.1. Luminosity Functions
For the investigation on the LFs of the clusters we fo-
cus on the main-sequence (MS) populations of the clus-
ters within three regions: inner (r < 0.′2), intermediate
(0.′2 < r < 0.′4) and outer (r > 0.′4). To improve the
number statistics we use the normalised cumulative LFs.
We have corrected our sample for radially variable com-
pleteness and field contamination as before. Fig. 6 illus-
trates the cumulative LFs for the three regions in every
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Fig. 6. The cumulative luminosity function for stars on the main-sequence in the clusters of our sample in three radial
zones.
cluster. The data set has been truncated at V = 19 mag
at which point the completeness is nowhere less than 80%
and field stars contribute no more than 10% to the uncor-
rected sample. In Fig. 6 a radial variation of the LFs of
some of the clusters is apparent for the three selected an-
nuli. In order to quantify these variations we applied the
Kolmogorov-Smirnov (KS) test on the data shown in the
figure. This statistical test indicates the probability that
two distributions are derived from an identical parent dis-
tribution, thus it offers a pretty clear indication of the
significance of the differences between the LFs at different
distances from the centre of each cluster.
We applied the KS test in order to compare the LFs
of the clusters in the inner annulus (r < 0.′2) with those
in the intermediate (0.′2 < r < 0.′4) and outer (r > 0.′4)
annulus. The test showed that the probability of common
origin for the LFs in the inner and intermediate regions of
NGC 1818 and NGC 2100 is only 2% and 8% respectively.
The difference between the LFs in the inner and outer
regions of these clusters is even more significant, having
a probability of common origin of 1% for NGC 1818 and
0.3% for NGC 2100. The probabilities for NGC 330 and
NGC 2004 are totally different. We found that the proba-
bility that the LFs of the inner and intermediate regions
of NGC 330 have common origin is 69%. This probability
for the LFs of the inner and outer regions of NGC 330 is
76%. These numbers are even higher for NGC 2004, equal
to 98% for the inner-intermediate LFs and 78% for the
inner-outer LFs of the cluster.
These results suggest that the LFs of the clusters NGC
1818 and NGC 2100 give clear evidence of the phenomenon
of mass segregation, while NGC 330 and NGC 2004 show
only indications of it. It should be noted though, that the
LFs of the clusters were used here only as indicative di-
agnostic for any luminosity stratification in selected radii
around the centres of the clusters. In the following sec-
tion we construct the MFs and investigate the radial vari-
ation of their slopes systematically for the clusters in a
more thorough manner. We use our results on the MFs
along with the ones of this section on the LFs in order to
demonstrate the sensitivity of any conclusion concerning
mass segregation to the selected annuli around the centre
of the cluster.
4.2. Mass Functions
The distribution of stellar masses formed in a given vol-
ume of space in a stellar system, known as Mass Function,
can be represented by the Initial Mass Function (IMF) as-
suming that all stars in the system are the product of a
single star formation event. This approximation is valid
for young star clusters in the MCs, such as the clusters
of our sample. There are various parametrisations of the
IMF (see e.g. Kroupa 2002). A widely used one was pro-
posed by Scalo (1986), where the IMF is characterised by
the logarithmic derivative Γ, called index:
Γ =
d log ξ(logm)
d logm
(1)
where ξ(logm) is the IMF. Γ is its slope and can be de-
rived from the linear relation of ξ(logm) and logm. It is
a common practice to use as a reference value the index
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Γ as found by Salpeter (1955) for the solar neighbour-
hood (Γ = −1.35, for a mass range 0.4 <∼ m/M⊙ <∼ 10).
The MF of a system is constructed by counting stars in
mass intervals. This can be achieved by two methods: The
first method by directly counting stars between evolution-
ary tracks according to their positions in the HRD (e.g.
Massey et al. 1995) and the second method by translating
their luminosities into masses using mass-luminosity rela-
tions (e.g. de Grijs et al. 2002b) and then constructing the
distribution of the derived masses.
From here on we will refer to these methods as first
and second countingmethod respectively. It is certain that
the first method is more accurate concerning the mass
bins where the observed stars are going to be distributed.
This is because no direct transformation of luminosities to
masses is required, but the construction of the MF is more
straightforward, since it is made by counting stars accord-
ing to their observed absolute magnitudes and colours
(corrected for reddening). For the second method there
is a definite dependence on the isochrone models used for
the transformation of luminosities to masses. De Grijs et
al. (2002b) argue that the conversion of an observed LF
to its associated MF is not as straightforward as is often
assumed. Thus in order to achieve a reliable conversion,
one needs to have accurate knowledge of the appropriate
mass-luminosity relation.
In addition, problems occur if there is an age distri-
bution among the stars in the cluster and so the use
of a single isochrone may not be adequate for a mass-
luminosity conversion. De Grijs et al. note that small dif-
ferences between MF slopes as a function of age are appre-
ciable for younger stellar populations. Stolte et al. (2002)
found that the use of isochrones for older stellar popula-
tions will result in flatter MFs. Still, the main-sequence
mass-luminosity relation from isochrones of different age
should be almost the same. What would be of concern is
how strong the impact of different turn-off points would
be on the MF slope. In any case, since these differences
are systematic, they should not be expected to alter any
radial dependence of the cluster MF.
As far as the first method is concerned, there is also
a dependence on the theoretical models, but one achieves
smaller uncertainty by using information on both mag-
nitudes and colours. Furthermore, the use of evolutionary
tracks, between which the stars can be directly counted on
the HRD becomes even more straightforward if one is in-
terested only in the MS stars (as is the case here), since the
evolutionary tracks on the MS are more or less parallel to
each other for stars of different masses, and so finding the
distribution of stars in mass bins is rather simple. Still,
there is a constraint in applying this method, since one
has to use only the stars detected in both wavebands, and
thus a smaller stellar sample for the construction of the
MF. The problem becomes important due to the filters of
our HST observations, F555W and F160BW , which cor-
respond to standard V and far-UV respectively, because
our short exposures give a small sample of stars found in
both filters and they allow us to report results only on the
upper main-sequence MFs of the clusters.
In consequence, in order to compare our results on the
MF with different methods, and to have a better statis-
tical significance for the investigation of the phenomenon
of mass segregation in our clusters we also applied the
second method for the construction of their overall and ra-
dial MFs. For the first method we used the evolutionary
tracks by Schaerer et al. (1993) for the metallicity of the
LMC clusters (Z=0.008) and by Charbonnel et al. (1993)
for NGC 330 (Z=0.004). In both sets of grids mass loss
and moderate core overshooting are taken into account.
We compared these evolutionary tracks on the HRD with
the isochrones used by Keller et al. (2000) from Bertelli et
al. (1994) for the estimation of the ages of the clusters and
we found an excellent agreement on the main sequence.
For the second method, the LFs of the clusters were
used to determine the MFs adopting a mass-luminosity
relation derived from the used theoretical models. In both
cases we selected the MS stars, which were counted in
logarithmic (base ten) mass intervals. The counted num-
bers were corrected for incompleteness and were field-
subtracted. We assumed, as in Sect. 3, that the field popu-
lation is well represented by the stars with radial distances
larger than about 1.′5. Finally, the counted numbers were
normalised to a surface of 1 kpc2. The errors in the derived
MFs reflect the Poisson statistics of the counting process
and they are suitably corrected and normalised.
We compared the MF slopes derived with both meth-
ods, and it was found that they do not differ consider-
ably, as is shown in Fig. 7, where we present the MFs of
the clusters throughout the observed areas (overall MFs).
The differences shown in the MFs toward the low-mass
end are due to the smaller stellar sample with available
magnitudes in both F555W and F160BW used for the
first method. We also checked the MF slopes derived with
both methods for selected annuli around the centres of the
clusters and we found that these differences are becoming
more significant, possibly because of fewer stars counted
within the annuli in both cases. Still, if there was a radial
dependence of Γ, it was apparent for the MFs constructed
with both methods. Thus the two counting methods seem
equally adequate for the investigation of mass segregation.
For the study of the radial MFs of the clusters, though, we
used the slopes derived with the second method, because
of better statistics.
4.2.1. Mass Functions of the clusters
The overall MFs of the clusters are shown in Fig. 7. These
MFs give an upper mass limit, which is similar for both
counting methods. Massive stars up to ∼ 14 M⊙ were
found in NGC 2004 and NGC 2100, while for NGC 330
and NGC 1818 the largest observed masses are ∼ 9 M⊙
and ∼ 11 M⊙ respectively. As far as the low-mass end
is concerned, though the MFs are corrected for incom-
pleteness we could not use the entire mass range for the
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Fig. 7. Mass Functions of the MS stars of the clusters. They were constructed with two methods (see Sect. 4.2):
Counting stars between evolutionary tracks on the HRD (◦) and using a mass-luminosity relation based on the
theoretical models used for the determination of the ages of the clusters (×). The MF index Γ is given as estimated
in both cases for the same mass range for reasons of comparison. The corresponding slopes have been overplotted
with solid lines for the MF constructed with the first method and with dashed lines for the second. The derived
MF slopes do not differ significantly, while their differences toward the low-mass end are purely statistical due to the
larger numbers of stars used for the second method, since for the first method we could only use stars found with
both F555W and F160BW filters. The indices of the MFs were found adopting a single-power law and they are given
for the most complete mass ranges available (∼ 3 - 9 M⊙ for NGC 330, 3 - 14 M⊙ for NGC 2004, 4 - 11 M⊙ for NGC
1818 and 4 - 14 M⊙ for NGC 2100). Arrows indicate the limit of 70% of completeness.
estimation of their slopes due to bad statistics toward the
lower mass bins, because of the high detection limit of our
observations. This “incompleteness” toward the low-mass
end seems to be connected to the total observed popu-
lations of the clusters and to the stellar samples used in
every counting method for the derivation of the MFs. For
example the most complete samples are the ones for NGC
330 and NGC 2004, which are the most populous clus-
ters in the sample. We therefore calculated the MF slopes
by selecting mass ranges that comprise stars with masses
down to the most complete limit for both methods used.
This mass limit corresponds to ∼ 3 M⊙ for NGC 330 and
NGC 2004 and to ∼ 4 M⊙ for NGC 1818 and NGC 2100.
Fig. 7 shows that the MFs may not be single-power law
distributions. This is more obvious for NGC 330 and NGC
1818, where it seems that the overall MFs of these clusters
can be separated in at least two mass groups following dif-
ferent trends. Still, the use of a single-power law (linear
fit) for an estimation of the MF index is a common prac-
tice, which we also follow for two reasons: (1) to be able
to compare our results with previously published ones and
(2) to identify more easily any radial dependence of the
MFs. The MF slopes as calculated using the least-square
linear method for the selected mass ranges are overplotted
in Fig. 7 with solid lines for the MFs constructed with the
first method and with dashed lines for those constructed
with the second. The fits are not weighted. From the es-
timated slopes, which are also given in Fig. 7, one can
see that NGC 1818 exhibits the steeper MF, while NGC
330 is seen to have the flattest MF in the sample. If we
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Fig. 8. Mass Functions of the clusters NGC 330 and NGC 2004 for selected radial distances: 0.′0 - 0.′2, 0.′2 - 0.′4, 0.′4 -
0.′8 and for distances larger than 0.′8. From the selected annuli it is shown that the MF of NGC 330 seems to remain
more or less unchanged, while that of NGC 2004 becomes flat outwards. Both MFs become very noisy outwards, due
to the fact that the clusters are sparse at radii larger than 0.′8. The slopes drawn are estimated for every cluster in
the same mass ranges as those of the overall MFs given in Fig. 7.
consider the slopes as found with either method for the
MF construction and their uncertainties, all clusters seem
to have MF slopes around Salpeter’s value, with those of
NGC 1818 and NGC 2004 being closer to it.
4.2.2. Radial Mass Functions of the clusters
In order to check any radial dependence of the MF slope,
as indication of mass segregation, we constructed the MFs
of the clusters in several selected annuli around the cen-
tre of the clusters. For this investigation we use the slopes
of the radial MFs, as they were constructed only with
the second method, since the first method was found in-
adequate for the construction of the radial MFs due to
poor stellar numbers. For the inner area of each cluster
we selected four annuli spanning 0.′1 each, while for dis-
tances larger than 0.′4 we used annuli 0.′2 wide. To check
for any variability in the derived radial dependence of the
estimated slopes for different selected radial distances, we
estimated the MF slopes of the clusters also in thinner an-
nuli. It was found that the observed MF radial dependence
is rather sensitive to the radial distances of the annuli se-
lected. This can also be demonstrated by the LFs of NGC
330 and NGC 2004 (Sect. 4.1), since for three selected
annuli around their centres no mass segregation was ob-
served, while the shape of their MFs in different annuli is
totally different, especially for NGC 2004, as is shown in
detail below. Thus, one may conclude that a unique set
of selected annuli with widths increasing outwards cannot
be chosen as easily as it seems.
As an example we present the radial MFs of the clus-
ters in Fig. 8 for four selected annuli (0.′0 - 0.′2, 0.′2 -
0.′4, 0.′4 - 0.′8 and larger than 0.′8). Each of these MFs
was corrected for incompleteness in the corresponding an-
nulus. The changes of the MF slopes of NGC 330 and
NGC 2004 cannot be attributed to any mass segregation,
for NGC 330 due to the very small changes of Γ and for
NGC 2004 because the slope does not show any trend.
On the contrary, NGC 1818 and NGC 2100, as is shown
from their MF slopes for the same annuli, are found to
be mass-segregated (also Fig. 8). We attempted to check
the MF slopes in a variety of rings around the centre of
each cluster in order to verify how much our results would
be affected by a different choice of the annuli. The results
are shown in Fig. 9, where the radial MF slopes for var-
ious annuli are plotted to the corresponding mean radial
distance of each annulus. Specifically we selected annuli
spanning widths from 0.′05 for the inner ones to 0.′4 out-
wards. The horizontal “error” bars in Fig. 9 represent this
width for every ring. These bars, as is shown, are overlap-
12 D. Gouliermis et al.: Mass Segregation in Young MCs Star Clusters with HST
Fig. 8. (Continued). Mass Functions of the clusters NGC 1818 and NGC 2100 for indicative selected radial distances:
0.′0 - 0.′2, 0.′2 - 0.′4, 0.′4 - 0.′8 and for distances larger than 0.′8. The dependence of the MF slope to the selected annuli
is rather obvious for these clusters. The drawn slopes are estimated for every cluster in the same mass ranges as those
of the overall MFs given in Fig. 7.
ping each other. This is because to estimate the slope of
the radial MF for each cluster we selected not only annuli
with different widths, but also at various distances from
the centre of the cluster. The selection of these annuli was
random and subject to one only criterion: Thinner annuli
were selected toward the inner areas of the clusters and
wider outwards.
From the results in Fig. 9 one may conclude that all
four clusters in the sample seem to be mass-segregated,
but in a different degree and out to different radial dis-
tances (we call the radius within which an important re-
lation between MF slope and distance can be seen the
“radius of segregation”). For NGC 1818 and NGC 2004
one may see that there is a definite trend of the MF slope
to steeper values up to about 0.′6 and 0.′4 respectively. The
situation for NGC 330 is more complicated since one may
see a shallow trend of the MF slope up to about 0.′5, which
implies that there may be indeed a radial dependence of
the MF slope, which however seems to be very weak. On
the other hand this trend can be considered to exist up to
the observed limits of the cluster (see Sect. 4.2.3 below).
For NGC 2100 the very noisy MF slopes outwards cannot
help us define a specific radius of mass segregation for the
whole of the cluster, except for the inner area. One, thus,
could argue that this cluster is mass-segregated through-
out its observed extent. We constructed the cumulative
radial MFs of the cluster and we verified this argument
from the radial dependence of their slopes, where also a
small but steep radial dependence of the MF slope very
close to its centre (within 0.′2) was found (also faintly ob-
served in Fig. 9).
In conclusion, as was found from the radial dependence
of their MFs, NGC 1818, NGC 2004 and NGC 2100 are
indeed mass-segregated. Specifically for NGC 2100, there
is a question whether the steep radial dependence of its
MF in the inner 0.′2 observed in Fig. 9 can be attributed
to a central mass segregation or not. The dependence of
the MF of NGC 330 which can be seen in these figures
for distances up to 0.′5 can be questioned, due to the large
errors of the MF slopes. Still, the indications presented so
far from the radial MFs of these clusters are convincing
that all the clusters in our sample are (to different extents)
mass-segregated, so from here on we treat all of them as
such. We applied the same tests to the slopes of the radial
cumulativeMFs (where the statistics are much better) and
we were able to verify the observed mass segregation also
from these slopes for all clusters.
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Fig. 9. Radial dependence of the slopes of the differential MFs of the clusters. The slopes have been estimated for
MFs constructed with the second method.
4.2.3. Comparison with previous results on the MF
NGC 330
Chiosi et al. (1995) investigated the IMF of NGC 330 as
it is constructed from its LF in connection to the selection
of models concerning the mixing procedures taking place
in the interior of massive stars. For a mass range 5 ≤
m/M⊙ ≤ 20 the MF slope was found to be around the
Salpeter value for two of the three models (semiconvective
and full overshoot), while it was found to be flatter and
equal to Γ ≃ −1 assuming the diffuse overshoot model for
the mixing in the interior of massive stars. This value is
very close to the MF slopes found by us for this cluster in
a narrower mass range (3 <∼ m/M⊙ <∼ 9).
Concerning mass segregation in this cluster, Sirianni
et al. (2002) who present an extensive work on the low-
mass end of the IMF of NGC 330 report that the cluster is
indeed segregated, since for stars more massive than ∼ 1
M⊙ the slope of the MFs measured at different radial dis-
tances show a monotonic increase with increasing distance
from the centre of the cluster. We compared the relation
of the MF slope to the radial distance found by us with
the corresponding relation by these authors (their Fig. 8)
and we found that indeed there is a similar trend of the
slope to steeper values outwards, which is, though, very
shallow. It should be noted that the MF slopes as were
found by Sirianni et al. (2002) are systematically steeper
than ours by a small fraction, probably due to the different
lower mass range used by these authors (1 - 6 M⊙).
NGC 1818
This cluster may be one of the best observed in the LMC.
Hunter et al. (1997) report an overall MF slope of Γ =
−1.25 ± 0.08 for a mass range between 0.85 and 9 M⊙,
flatter than the MF of the cluster as was found by us
toward larger masses (4 - 11 M⊙). The same authors found
that the MF in the core of the cluster is slightly flatter
(Γ = −1.21 ± 0.10). The MF slopes found by Hunter et
al. are steeper than the one previously found by Will et
al. (1995) for 2 <∼ m/M⊙ <∼ 8, to be Γ = −1.1 ± 0.3.
More recently de Grijs et al. (2002b) presented the case
of mass segregation in NGC 1818 observed with HST and
they report that Hunter et al. (1997), as well as Santiago
et al. (2001) found systematically flatter MF slopes than
they did, probably due to the combination of different
mass-luminosity relations and a different treatment of the
background stellar population.
De Grijs et al. (2002b), in their investigation of the
phenomenon of mass segregation, applied a range of mass-
luminosity relations (ML conversions) to their observa-
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tions for the construction of the MF of the cluster. We
compared our overall MF of NGC 1818 with the MFs of
the cluster for the three ML conversions used by these au-
thors (their Fig. 4) and we found that our MF for the mass
range 3 <∼ m/M⊙ <∼ 11 falls between de Grijs et al. MFs for
two of the three empirical conversions used: The one by
Kroupa et al. (1993) and the one by Tout et al. (1996), our
MF being closer to the latter for both methods used for its
construction. In general our results are in good agreement
with those of de Grijs et al., with the MFs in both studies
being steeper than those previously reported. Our results
are also in line with de Grijs et al. concerning the phe-
nomenon of mass segregation in NGC 1818 (see Sect. 5),
where they report that mass segregation becomes signifi-
cant for masses >∼ 2.5 M⊙, out to at least 20
′′- 30′′. They
note that the observed mass segregation is of primordial
nature.
NGC 2004 & NGC 2100
These clusters have been the target of various investiga-
tions concerning their young stellar content (for references
see PhD Thesis by Grebel 1996 and Keller 2001). Still, no
published results on their MFs are available in the litera-
ture except for one case: A complete set of ground-based
CCD observations on five LMC clusters was presented by
Sagar et al. (1991). This set was used by Sagar & Richtler
(1991) for the determination of the MF of these clusters,
NGC 2004 and NGC 2100 being among them. It was found
that the MF slope of NGC 2004 for a mass range of 2 to 14
M⊙ is around Γ ≃ −1.1, between the two values of our ob-
served MF slopes (Fig. 7) for a similar mass range (3 - 14
M⊙). For the same mass range these authors found a flat-
ter, but less reliable MF slope for NGC 2100 (Γ ≃ −0.8).
Indeed this slope is much flatter than the one found by us
(between −1.1 and −1.2).
Richtler et al. (1998) presented their preliminary re-
sults on the case of mass segregation in NGC 2004 with
the use of HST/WFPC2 observations. They checked the
MF radial dependence at only two selected radii from the
centre of the cluster and they found that for the mass in-
terval 1.3 < m/M⊙ < 4.27 the MF slope indeed changes
significantly. Considering that we checked the MF radial
dependence of the cluster for more annuli using differ-
ent HST data, it is interesting to note that this result is
in agreement with ours. Richtler et al. (1998) found that
NGC 2004 is too young to be relaxed by two-body en-
counters, and thus they conclude that the observed mass
segregation is primordial.
5. Results on Mass Segregation
Since all clusters are found to be segregated (each to a
different degree) it would be useful to present some con-
clusive results on the phenomenon as it was exhibited in
every cluster, by combining the results of the previous sec-
tion (Sect 4.2) with those derived from the density profiles
and their dependence on the magnitude range (Sect. 3.2).
For NGC 330 it was found from star counts that within
a radius of 0.′5, which might represent the radius of seg-
regation (Sect. 4.2), a significant fraction of stars have
masses around 4 M⊙. In addition, it is shown in Fig. 5
that a significant change in the relation of the slope of the
density profile with the magnitude range appears around
V ≃ 18 - 19 mag, which corresponds to 5.4 - 3.7 M⊙. Still,
the density profile dependence of this cluster on the cor-
responding magnitude range was not easily detected and
it seems to be rather weak. This also goes for the radial
dependence of the MF slope of the cluster, which gave us
a rather uncertain radius of segregation. The best segre-
gated mass group for NGC 2004 seems to be also around
4 M⊙, within 0.
′4 of the cluster, as was found from the
radial dependence of its MF slope. This mass limit seems
to be also in line with the results of Fig. 5, where we see
that mass segregation occurs at about V ≃ 18 - 19 mag
(5.5 - 3.7 M⊙). Still, this mass limit was not so easily iden-
tifiable from the dependence of the density profiles on the
selected magnitude (mass) range, since this dependence is
also faint for NGC 2004.
Concerning NGC 1818 it seems that this cluster shows
stronger evidence of mass segregation down to 3 M⊙ (V ≈
20 mag) and 6 M⊙ (V ≈ 17.5 mag), confined within about
0.′6 (as was found from the MF slope radial dependence
of Fig. 9). We also checked the differences between the
regions inside and outside the core radius of the cluster
(∼ 0.′2 - Table 1), where a central radial dependence of its
MF slope can also be observed (Fig. 9) and we found that
most of the stars with mass ∼ 10 M⊙ are confined within
this radial distance. All these results seem to be in line
with those on the magnitude dependence of the surface
density profile slope, as is shown in Sect. 3.2, where we
observed an almost continuous correlation between these
parameters for NGC 1818.
This dependence for NGC 2100 was found to be in
general faint with a significant change for stars more mas-
sive than about 9 - 7 M⊙ (V ≈ 17 - 18 mag) (see Sect.
3.2). In addition, no specific radial cut-off was found for
the observed mass segregation, meaning that the cluster
is probably segregated throughout its extent (Sect. 4.2).
Still, a short but steep radial dependence of its MF was
observed in the inner 0.′2 (Fig. 9), and we found from star
counts that the most massive stars in the cluster (∼ 13
M⊙) are located within this radius.
5.1. Binaries in Star Clusters
Before exploring the primordial and/or dynamical mech-
anisms and their possibilities of dominating the phe-
nomenon of mass segregation we must not exclude the
contribution of binaries as a possible factor giving rise to
a false interpretation.
Binaries are known to exist in clusters and to dominate
the first dynamical period of their life. Still, binarity in
studies of this kind is usually not considered and if one
includes the presence of binaries in the MF construction
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then the MF slope becomes steeper (Kroupa 2000). Keller
et al. (2000) address the issue of the widening of the main
sequence of the clusters and they suggest the presence of
binaries as a possible explanation. They used near-infrared
photometry of these clusters by Keller (1999) in order to
examine the (V − K) and (F160BW − F555W) colours
and they revealed a number of systems that consist of a
binary pair of red supergiant and MS stars. They stressed
the presence of such systems in NGC 330 and NGC 1818.
Elson et al. (1998) investigated the binary populations
in NGC 1818 and they found that the full range of initial
binary separations expected in the cluster includes values
up to 20 × 103 AU and that resolved binaries with sepa-
rations >∼ 5 × 10
3 AU would not survive in the core of the
cluster to the present time. They also found that there is
no large population of resolved binaries in the outer parts
of the cluster. The limiting boundary between stars in
soft and those in hard binaries in the Elson et al. sample
is 500 to 1000 AU. The same authors estimated from an
examination of the lower MS a binary fraction of around
20 - 30% for the outer parts of the cluster and its core
respectively. If the binary fraction possesses a radial de-
pendence then this introduces a radial dependence on the
luminosity function and it would shift the LFs in Fig. 6 to
lower V . However, we have determined from simulations
that in order to account in this way for the displacement
seen in Fig. 6 for NGC 1818 a difference in binary frac-
tion between the inner and outer zones of the order of 50%
would be required. Furthermore the sense of the difference
would have to be such that the binaries preferentially in-
habit the cluster core. This should not be the case, since
it is theoretically shown that the binary frequency can be
reduced through stellar encounters in clusters and that the
final binary frequency depends on the stellar density in the
cluster (Kroupa 1995). Dense environments, such as those
in the clusters of our sample, favour collisions and conse-
quently there is a higher probability for binary destruction
to occur (Bonnell 1999). Recent models predict that bi-
nary dissociation will take place in clusters denser than
103 stars pc−3 in time-scales shorter than 1 Myr destroy-
ing 50% of binaries wider than 100 AU (Bonnell 2000).
Under these circumstances, binarity should not modify
any of our conclusions significantly.
6. Discussion
6.1. Relaxation Times of the Clusters
As we discussed in Sect. 1, the observed mass segrega-
tion could have either a dynamical or primordial basis.
Dynamical evolution is known to be achieved through two-
body encounters and consequently its extent is related to
the age of the stellar population. The characteristic time-
scales involved in the relaxation of the system are: Its
crossing time (tcr), which is the time needed by a star to
move across the system, and its two-body relaxation time
(trl), which is the time needed by the stellar encounters
to redistribute their energies, setting to a near-Maxwellian
velocity distribution. The latter timescale is extremely sig-
nificant in the case of mass segregation, because one may
test if it is of dynamical origin (when the evolution time
of the system, τ , is longer than trl) or not. The relax-
ation time of a cluster can be characterised by its “Median
Relaxation Time”, i.e. the time after which gravitational
encounters of stars have caused the system to equilibrate
to a state independent of the original stellar orbits; it can
be expressed as (Binney & Tremaine 1987):
trl =
6.63× 108
ln 0.4N
(
M
105M⊙
)1/2 (
M⊙
m⋆
)(
R
pc
)3/2
yr (2)
whereM is the total mass of the system within some char-
acteristic radius R, m⋆ is a characteristic stellar mass (the
median of the observed mass distribution) and N is the
corresponding total number of stars of the system. A char-
acteristic radius of a stellar system is its half-mass radius
(rh) and one can use this radius in Eq. (2) to estimate the
“Half-mass Relaxation Time” of the system (e.g. Portegies
Zwart et al. 2002). We also estimated the relaxation time
of the systems within their core radii (rc). In order to
derive the median relaxation time we need to have an es-
timation of the characteristic radii above, as well as the
total mass of the system within these radii and the cor-
responding characteristic masses m⋆ and total number of
stars N .
Mackey & Gilmore (2003a,b) recently published sur-
face brightness profiles for a sample of 53 LMC and 10
SMC rich star clusters, and they derived structural pa-
rameters for each cluster using their detailed profiles made
with the use of two-colour observations from HST. Their
results thus consist of a coherent sample of parametric
values for the dynamical properties of clusters in the MCs
(see Table 1). These values were estimated by the fit of
the model introduced by Elson et al. (1987) to their sur-
face brightness profiles. All the clusters of our sample are
included in the catalog of Mackey & Gilmore, so we can
use the core radii for our clusters as they were estimated
by these authors.
We estimated the radius where half of the observed
total mass (corrected for incompleteness and field con-
tamination) of the clusters is confined. We refer to this
radius as the observed half-mass radius. If we assume that
the low-mass stars are uniformly distributed over the area
covered by each cluster, then the radius where half of the
total mass is included should not be far from this esti-
mated value. The values of rc and the observed rh are
given in the second column of Table 3.
The total number of stars N , the corresponding total
mass M and the characteristic mass m⋆ within the core
and half-mass radius of each cluster can be evaluated by
their MFs. The main uncertainty is the low end of the
mass function which is not known because of the detec-
tion limit. In principle there is no reason to believe that
the MFs of the clusters in our sample have different low-
mass cut-offs. In addition this lower mass limit, mlow is
very difficult to constrain, especially for distant and dense
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Table 3. Estimated total number of stars N , total mass M and the corresponding relaxation time trl and stellar
density ρ within two characteristic radii of the clusters: the core radius (rc) and the half-mass radius (rh), for the
characteristic masses of each cluster (m⋆) as found from the extrapolated MFs as the median of the mass distribution
‡.
The errors reflect the propagation of the Poisson uncertainties in the counts.
Assumed MF slope unchanged down to 0.1 M⊙ Assumed MF slope unchanged down to 2.0 M⊙
and flat for 2.0 >∼ m/M⊙ >∼ 0.1
Cluster rc
† N M trlc log ρc N M trlc log ρc
Name (′) (×103) (103 M⊙) (Myr) (M⊙ pc
−3) (×103) (103 M⊙) (Myr) (M⊙ pc
−3)
NGC 330 0.15 145.1 ± 0.4 29.4 ± 0.1 80 ± 1 2.71 ± 0.01 0.41 ± 0.02 1.6 ± 0.1 40 ± 1 1.44 ± 0.05
NGC 2004 0.11 5.9 ± 0.1 2.5 ± 0.1 22 ± 1 2.04 ± 0.03 0.15 ± 0.01 0.7 ± 0.1 22 ± 1 1.50 ± 0.09
NGC 1818 0.17 196.2 ± 0.4 40.6 ± 0.2 94 ± 1 2.68 ± 0.00 0.58 ± 0.02 2.0 ± 0.1 43 ± 1 1.38 ± 0.05
NGC 2100 0.08 2.7 ± 0.1 1.4 ± 0.1 12 ± 1 2.19 ± 0.05 0.10 ± 0.01 0.6 ± 0.1 15 ± 1 1.82 ± 0.11
rh N M trlh log ρh N M trlh log ρh
(′) (×103) (103 M⊙) (Myr) (M⊙ pc
−3) (×103) (103 M⊙) (Myr) (M⊙ pc
−3)
NGC 330 0.26 1743.2 ± 1.3 290.7 ± 0.3 356 ± 1 2.98 ± 0.00 0.84 ± 0.03 3.2 ± 0.1 87 ± 2 1.03 ± 0.04
NGC 2004 0.22 11.0 ± 0.1 5.4 ± 0.1 52 ± 1 1.47 ± 0.02 0.48 ± 0.02 2.1 ± 0.1 52 ± 2 1.06 ± 0.05
NGC 1818 0.27 97.4 ± 0.3 24.9 ± 0.1 124 ± 1 1.87 ± 0.01 0.78 ± 0.03 2.8 ± 0.1 77 ± 2 0.92 ± 0.04
NGC 2100 0.25 9.5 ± 0.1 6.0 ± 0.1 64 ± 1 1.35 ± 0.02 0.61 ± 0.02 2.8 ± 0.1 65 ± 2 1.02 ± 0.05
‡ The values of m⋆ that were found are (in M⊙) 0.98, 1.23, 1.09 and 1.23 for NGC 330, NGC 2004, NGC 1818 and NGC 2100
respectively.
† From Mackey & Gilmore (2003a,b)
clusters like those of our sample, so we can only make some
reasonable guess. Brandl et al. (1999) using observations
from ANTU/ISAAC have revealed that in the starburst
region NGC 3603 of our galaxy there are many of sub-solar
mass stars down to 0.1 M⊙. According to these authors
this result agrees with studies in the solar neighbourhood,
which also indicate that mlow ≃ 0.1 M⊙. Based on these
results we extrapolated the observed MFs of the clusters
down to this mass limit.
Since the clusters were found to be mass segregated,
meaning that their MFs have different slopes within dif-
ferent radial distances, we did not extrapolate the overall
MFs but separately the MF within rc and the one within
the observed rh, using in every case the corresponding
slope, which is assumed to be the one derived from the
most complete observed low-mass bins, because, as we al-
ready noted in Sect. 4.2, the MFs may not be represented
in total by a single power-law due to the change of their
slopes toward different end masses (see Figs. 7 and 8). The
next question is if the MF follows the same slope down to
the limit of 0.1 M⊙. First, the extrapolations mentioned
above were done assuming that indeed the low-mass MF
slope down to 0.1 M⊙ is the same as the MF slope of
the more massive stars. Sirianni et al. (2000) constructed
the IMF of R 136 with the use of deep broadband V and
I HST/WFPC2 observations and they report that, after
correcting for incompleteness, the IMF shows a definite
flattening below ≃ 2 M⊙. Thus, we also took these results
into consideration.
Therefore, in order to estimate the total mass of the
clusters we extrapolated their observed MFs, as they were
constructed within both their core and half-mass radii,
under two assumptions: i) That the MF slope remains
unchanged down to 0.1 M⊙ and ii) that this slope remains
unchanged down to 2.0 M⊙ , but becomes flat for masses
down to 0.1 M⊙ . The results of the estimations above are
given in Table 3, where the total number of stars and the
corresponding masses for both assumptions concerning the
MF slope are given (Cols. 3,4 and 7,8 respectively). The
derived relaxation times are given in Col. 5 for the first
assumption and in Col. 9 for the second. We were also
able to estimate the corresponding stellar densities within
both radii for both assumptions on the MF extrapolation,
which are given in Cols. 6 and 11 respectively.
6.2. Dynamical or Primordial Mass Segregation?
The results of Table 3 mostly demonstrate the sensitiv-
ity of the calculations to the assumed MF slope toward
the low-mass end. Still, considering the two cases assumed
for the MF extrapolation to lower masses one can safely
reach some interesting conclusions, such as that the clus-
ters do not appear to be dynamically relaxed within their
observed half-mass radius, since their evolution times are
shorter than their relaxation time-scales. Concerning their
relaxation within their core radii the results are rather dif-
ferent. If we assume that the MF follows the same slope
down to 0.1 M⊙ then NGC 330 and NGC 1818 do not
seem to have had the time to reach relaxation in their
cores. This is not the case for NGC 2004 and NGC 2100,
which appear to be almost (if not completely) relaxed in
their cores with both assumptions for their MFs, which
makes this result more solid. It is worth noting that if the
MFs of NGC 330 and NGC 1818 are assumed to be flat
for stars < 2 M⊙, then the cores of these clusters appear
to be relaxed now.
To make a simple check on the accuracy of our MF
extrapolations we performed the same calculations for the
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whole area of each cluster and we found the total mass
of each cluster from its extrapolated MF. The paramet-
ric dynamical masses of the clusters as they were found
by Mackey & Gilmore (Col. 8 of Table 1) can be used
as a guideline, since we can compare them with our es-
timated masses of the clusters. We found that the para-
metric mass values favour the extrapolation of the MF
that assumes the same slope down to 0.1 M⊙ for most of
the clusters (no flattening below 2 M⊙). Specifically the
masses of NGC 2100 and NGC 2004 as estimated from
their extrapolated MFs are in excellent agreement with
their dynamical masses if they include stars down to 0.1
M⊙. Our estimation of the mass of NGC 330 was found to
be within the limits of its parametric value, but for NGC
1818 we found that in order to have comparable values for
the parametric and observed mass of the cluster its MF
should be extrapolated (with the same slope) only down
to about 1 M⊙. Still, for the sake of consistency for the
estimations that follow, we assumed extrapolation of the
MF down to 0.1 M⊙ for all clusters.
It would be interesting to know the relaxation time
also within the radius of segregation for each cluster.
Therefore, we performed similar calculations to the ones
for the relaxation times within rc and rh and we defined
the time needed for the clusters to relax within their radii
of segregation, meaning the radial distances where we de-
tected a significant difference in their MF slopes (Sect.
4.2.2). For NGC 330 we found that the cluster needs 2 to
7× 108 yr to relax within 0.′5, i.e. the distance where a hint
of segregation was found. For NGC 1818 a relaxation time
within its segregation radius of 0.′6 was found between 2
and 6 × 108 yr. The relaxation time of NGC 2004 within
its segregation radius (0.′4) was found to be around 108
yr (with both assumptions on its MF extrapolation). The
radius of 0.′2 in NGC 2100, where a central mass segrega-
tion was observed is fairly close to its observed half-mass
radius, so the results are similar with a relaxation time
between 50 and 53 Myr. If we assume that this cluster is
segregated througout its extent (see Sect. 4.2.2) then it
would need 6 - 7 × 108 yr to relax dynamically, which is
much longer than its age.
The range of these values for the relaxation time of
the clusters is mostly due to the assumption adopted for
the low-mass end of the MFs. The derived number of stars
and the corresponding masses in turn were mostly affected
by the assumed MF slope toward this end. So one should
keep in mind that all these results can give us only a rough
idea on the dynamical status of the clusters under consid-
eration. Stolte et al. (2002), investigating the mass seg-
regation of the Arches cluster, make a very interesting
comment concerning such approaches. They note that the
observed relaxation time does not properly trace the clus-
ter’s initial conditions, but reflects its current dynamical
state and they conclude that distinction between primor-
dial and dynamical mass segregation is not possible for
the cluster. In any case, one can apply simple tests, which
are based on theory, so that conclusions can be derived on
the equipartition among stars of different masses as they
are observed in a star cluster. We describe these tests as
follows.
Concerning the equipartition time-scale of clusters,
simulations by Inagaki & Saslaw (1985) predict that the
heaviest stars are located near the center fairly soon. This
is in line with Chernoff & Weinberg (1990), who show
that during multi-mass collapse equipartition for heavy-
mass groups occurs before (dynamical) mass segregation
takes place in the cluster as a whole. Spitzer (1969) showed
that in a two-component stellar system, if the total mass
of the heavier stars exceeds a critical value, equipartition
with the lighter stars becomes impossible. If m1 and m2
are the two mass groups in the cluster with m2/m1 ≫ 1
and Mi is the total mass of stars in the group of mass mi
then equipartition between the two mass groups can be
achieved only if:
M2
M1
< 0.16
(
m1
m2
)3/2
(3)
For multicomponent systems Inagaki & Saslaw (1985)
showed that conditions for global equipartition do not gen-
erally arise in stellar systems with a range of masses. These
conditions are so restrictive that they are unlikely to apply
to realistic clusters. Furthermore, Vishniac (1978) found
that the generalisation of Eq. (3) for a system with a spe-
cific mass function is the requirement for a MF index α
>
∼ 3.5 (Salpeter’s index: α = 2.35) and Inagaki & Saslaw
(1985) found that local equipartition may occur temporar-
ily near the centre among all mass species only if the
mass spectrum is even steeper. If the mass spectrum is not
very steep only the massive stars can be in approximate
equipartition near the centre of the cluster. These authors
considering a system of three mass groups m3 > m2 > m1,
expanded the conditions of Eq. (3) to the following:
M3
M1
< 0.38
(
m3
m2
)−3/2
and
M2
M1
< 0.38
(
m2
m1
)−3/2
(4)
the first being the condition for equipartition between the
second and the third mass group and the second being
the condition for equipartition between the first and the
second group (comparable to Eq. (3)). They conclude that
it is easier to attain equipartition between the massive
stars than between the lighter ones.
From the information provided in the previous para-
graphs one may conclude that: (i) The clusters of our
sample are not expected to demonstrate any equipartition
throughout their area and between all their mass groups,
due to their rather flat MFs. (ii) The only stars in equipar-
tition (if any) should be the most massive ones toward
the centre of the clusters. Considering these two points
it seems rather interesting to test the conditions of Eq.
(4) on our clusters using three of their observed massive
stellar groups. For this test we used three indicative mass
groups from the most massive bins of the MFs of the clus-
ters and we estimated the corresponding total masses for
every group using the stellar numbers as they were found
from these MFs. We applied the calculations on the MFs
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of the clusters within their core radii, observed half-mass
radii, as well as within their segregation radii. In all cases
we used the stars observed to be more massive than 5
M⊙. We tested the conditions of Eq. (4) for all the possi-
ble combinations of massive MF bins (stellar groups) that
satisfy the inequality m3 > m2 > m1.
For NGC 330 we used combinations between 6 mass
groups with masses up to ∼ 8.5 M⊙. NGC 2004 and NGC
2100 have a wider mass range and so the conditions for
equipartition were tested among 9 mass groups more mas-
sive than ∼ 5 M⊙, with upper limit ∼ 13 M⊙. NGC 1818
was tested for 7 mass groups up to ∼ 10 M⊙. In all cases it
was found that the conditions of Eq. (4) could not be sat-
isfied at any radius for any mass group for all clusters. It is
worth noting that the used stellar mass groups and their
corresponding total masses are purely observed quantities,
so these results are free from any assumption or model. In
conclusion, it seems that in the clusters of our sample no
equipartition took place between the massive stars within
their cores, half-mass radii, or their radii of segregation.
The simulations by Inagaki & Saslaw (1985) suggest
that the tendency of massive stars to reach equipartition
toward the centre is expected to occur early on and in-
creasing mass segregation later deletes any signature of
this equipartition. Could this be the case for our clusters?
If so we would not be able to verify any equipartition
between the massive groups of stars because mass segre-
gation has erased any trace of it. In a more recent work
Bonnell & Davies (1998) determine that the massive stars
do segregate very fast but only if they are born within
the central 10% to 20% of all stars. Bonnell (1999) con-
cludes that dynamical evolution and mass segregation can
be achieved fast under the condition that massive stars
are formed within a specific volume of the cluster. Still,
equipartition and mass stratification is expected to be ac-
complished in roughly one relaxation time (e.g. Spitzer &
Shull 1975), and the estimated relaxation times of Table
3 do not favour the possibility of completed mass segrega-
tion, which would have destroyed any initial equipartition
among the massive stars, unless we have seriously underes-
timated the slopes of the MFs of our clusters. This clearly
implies that the observed mass segregation seems to be a
primordial effect, related to the loci where massive stars
have been formed.
Recent results on the Orion Nebula Cluster (ONC)
and the Trapezium cluster in its core (McCaughrean &
Stauffer 1994; Hillenbrand 1997; Hillenbrand & Hartmann
1998) have given us the opportunity to reconsider the ini-
tial dynamical conditions of star formation. Some of these
results have been taken as an indication that star forma-
tion is bimodal, with high-mass stars forming in a dif-
ferent way from low-mass stars. Bonnell & Davies (1998)
constrained their models in order to answer the question
if the bias of the young stellar population in the ONC to-
wards high-mass stars in the central region of the cluster
is due to the formation of massive stars in their present lo-
cations or to subsequent dynamical evolution. They found
that for the present conditions of the cluster to be repro-
duced it must have been somewhat mass-segregated when
it formed.
The star-formation scenario proposed by Bonnell &
Davies (1998) seems to agree with the one by Murray &
Lin (1996), since the centrally located protostellar clumps
grow either through accretion from the residual gas or
through coagulation with other fragments. In the later
case the collisional timescale for the Trapezium cluster is
of the order of 3 crossing times of the central region or
one third of the crossing time of the whole cluster, which
is not supported by the observations. This leaves only
the alternative of subsequent accretion of the residual gas
present in the cluster to be more likely to have produced
the observed range of stellar masses. Models of accretion
in small stellar clusters (Bonnell et al. 1997) showed that
the stars near the centre of the cluster have the highest
accretion rates. Thus the subsequent accretion of material
produces the most massive stars in the centre of the clus-
ter and initial mass segregation takes place. It is worth
noting that both scenarios cited here seem to favour en-
vironments with high central density for primordial mass
segregation to occur.
7. Conclusions
The radial distribution of the cluster density in various
magnitude ranges and its MF within different radial dis-
tances are two useful diagnostic tools for mass segrega-
tion. Both require 1) very good resolution towards the
cluster centre in order to have accurate radial density dis-
tributions for various magnitude ranges and 2) very good
photometry for accurate MFs in rings for various radial
distances in order to find at which distance mass seg-
regation leads to a change in the slope of the MF. Our
HST/WFPC2 observations on young clusters in the MCs
provide a suitable data set for the application of these
tools. The conclusions of this investigation on the phe-
nomenon of mass segregation in these clusters are the fol-
lowing.
We searched for mass segregation in a sample of four
young star clusters in the MCs, NGC 1818, NGC 2004
and NGC 2100 in the LMC and NGC 330 in the SMC.
These clusters are among the younger MC clusters and
they vary in age, metallicity and other parameters. Mass
segregation was exhibited in all four of them, but in a
variety of related parameters, as well as of degrees of sig-
nificance. From the dependence of their density profiles
on the selected magnitude range it was found that NGC
1818 exhibits strongly the phenomenon of mass segrega-
tion with stars segregated almost in the whole of the ob-
served magnitude range, while NGC 330 and NGC 2100
show a rather weak dependence and it is important only
for stars around V ≃ 18 mag (∼ 4 M⊙). For NGC 2004
there is an even weaker dependence also for V ∼ 18 mag.
We constructed the mass functions (MFs) of the clus-
ters for the observed range of magnitudes in order to check
for any radial dependence of their slopes as the signature
of mass segregation. This construction was performed with
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two methods. First by directly counting stars between evo-
lutionary tracks according to their positions in the HRD
and second by translating their luminosities into masses
using mass-luminosity relations and then constructing the
distribution of the estimated masses. The first method
which is more accurate concerning the shape of the MF
but less statistically significant due to the lower numbers,
was used to test the results of the second method, which
is more statistically complete but more model dependent.
We constructed the MFs of the clusters considering
the dependence of their shape to the chosen binning for
counting stars, the correction for incompleteness and the
field contamination. The use of a mass-luminosity relation
can affect the shape of the resulting MF (which tends to
be flatter for older population models). Still, it was found
that the models used for the second method were suffi-
cient, since the overall MFs do not differ significantly from
one method to the other and they have slopes clustered
around a Salpeter IMF for a mass range of ∼ 3 - 9 M⊙ for
NGC 330, 3 - 14 M⊙ for NGC 2004, 4 - 11 M⊙ for NGC
1818 and 4 - 14 M⊙ for NGC 2100. It should be noted
that not all of them may be represented by a single-power
law for the whole mass range mentioned.
The construction of the radial MFs for the investiga-
tion of their slopes proved to be a rather complicated
procedure due to several factors. Counting stars for the
construction of the MF of a cluster in a specific ring
around the centre can produce statistical problems due
to the low numbers. Thus, the first method was excluded
from the investigation of the radial dependence of the MF
slope of the clusters, since by definition, it can rely on a
smaller sample of stars. NGC 1818 and NGC 2004 as was
found from the radial dependence of their MFs are mass-
segregated at radial distances of about 0.′6 and 0.′4 respec-
tively. NGC 2100 was also found to be mass-segregated
probably throughout its observed extent, but a steep ra-
dial dependence of its MF in the inner 0.′2 was also ob-
served and this can be assigned to a local central mass
segregation of the most massive group of stars (∼ 13 M⊙)
as was found from the relative numbers of stars inside and
outside this radial limit. This was also the case for NGC
1818 where 99% of the stars with masses around 10 M⊙
were found concentrated within about 0.′2 from its centre.
NGC 330 was also found to be segregated from the radial
dependence of its MF, but in a less pronounced way up to
a distance of ∼ 0.′5, with the best segregated mass group
to be around 4 M⊙. This cluster could also be considered
as mass segregated throughout its extent.
We estimated the median relaxation time of the clus-
ters in their core and observed half-mass radii, as well as in
their “radii of segregation” as derived from the radial de-
pendence of their MF slopes. This estimation was based on
assumptions on the slope, and on the low-mass limit, and
we found that the clusters in this sample are not dynami-
cally relaxed within these radii, except for NGC 2004 and
NGC 2100, which were found to be very close to relaxation
only in their cores. Furthermore, the test of conditions
for equipartition among three massive groups (Inagaki &
Saslaw 1985) in our clusters showed that no equipartition
has taken place in any cluster at any of the above radii for
stars with masses larger than 5 M⊙. This clearly suggests
that the observed mass segregation is of primordial na-
ture. We present a discussion where we highlight the most
important aspects of theories of star formation predicting
the phenomenon of initial mass segregation (Sect. 6.2).
In general it seems that the diagnostic tools applied
here, which are those most commonly used for the inves-
tigation of mass segregation, are rather sensitive to selec-
tion effects, such as the selection of the radial distances for
which the MF slopes are computed, the binning selected
for the construction of the MF, the selection of the mass
range where the slopes are estimated, etc. While the pres-
ence of mass segregation in our sample of clusters is cer-
tainly a robust result, the description of the phenomenon
can be only qualitative. Specifically, we observe that the
clusters of our sample exhibit mass segregation in differ-
ent ways, but to describe these differences we would need
to define a new parameter. This parameter may be called
“degree of mass segregation”, and it should be a function
of parameters involved in the magnitude dependence of
the density profile and the radial dependence of the MF
slope for each cluster. It is not yet possible to define such
a parameter with the use of the available tools, due to
the limitations mentioned above. Gouliermis & de Boer
(2003) recently proposed a new method for the detection
of stellar stratification in star clusters. They present a self-
consistent, model-free tool for the investigation of the phe-
nomenon, which can also be used to quantify the degree
of mass segregation in star clusters in a uniform manner.
This tool would probably provide a coherent scheme for
the description of stellar stratification in star clusters, so
that global and comparable results can be achieved.
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